The thermopower of electrons at zero magnetic field and composite fermions ͑CF's͒ at high fields in GaAs/Ga 1Ϫx Al x As heterojunctions has been measured in the temperature range 0.1-1.2 K. In both cases the data are completely consistent with phonon drag being the only visible contribution. The results have been used to evaluate the phonon-limited mobility of electrons and CF's as a function of temperature. The electron mobility is in good agreement with calculation and with previous results deduced directly from the resistivity, but the CF mobility is not. We have previously reported that the thermopowers at filling factors ϭ 
I. INTRODUCTION
This paper is based on an extensive experimental study of the thermopower of two-dimensional electron gases ͑2DEG's͒ in GaAs/Ga 1Ϫx Al x As heterojunctions in the temperature range 0.1ϽTϽ1.2 K and magnetic fields 0рB Ͻ30 T. In general there are two contributions to thermopower, diffusion S d and phonon drag S g , but our experimental results are completely dominated by S g . This latter is important because S g gives direct access to phonon coupling to the 2DEG, and yet is independent of electron-impurity scattering and thus the mobility of the sample. To put this in perspective it is worth examining the relative importance of the various scattering mechanisms for the phonons and the 2DEG. Even in very high mobility samples, say 1000 m 2 /V s, the scattering of electrons by phonons contributes only about 1% to the total resistivity at 1 K, and as the temperature is decreased this fraction decreases as T 5 in GaAs/Ga 1Ϫx Al x As heterojunctions. The phonons in the substrate are equally unaffected by the 2DEG, being overwhelmingly scattered by the sample boundaries at these temperatures. Nevertheless, electron-phonon (e-p) scattering is completely responsible for S g , and electron-impurity (e-i) scattering is not relevant. The decoupling of e-p scattering from e-i scattering is quite remarkable and makes S g a subtle but valuable probe. We will use these ideas in the rest of this paper, both at zero field and at high magnetic fields.
This separation of e-p from e-i scattering is the key to the present results so we give a physical picture of how it comes about. An applied temperature gradient ٌT in the substrate leads to a flow of phonons from hotter to cooler regions, and this flow carries a momentum current ϰϪ⌳ٌT, where ⌳ is the phonon mean free path. A tiny fraction of this momentum current is transferred to the electrons at a rate proportional to 1/ ep , where ep is the e-p momentum relaxation time, giving rise to an electric current j th . The magnitude of j th is also proportional to the time for which the electrons retain the acquired momentum, i.e., to the e-i momentum relaxation time ei . ͑Here we are assuming that ep ӷ ei .) Thus we have j th ϰ ei ⌳ٌT/ ep , a positive quantity for electrons. The thermopower is measured with no external electric current so an electric field E is established to provide a compensating current j E ϭE, where is the conductivity ϰ ei . With j th ϩj E ϭ0 we have EϰϪ⌳ٌT/ ep . The thermopower S is defined by EϭSٌT so we see that S g ϰϪ⌳/ ep . The essence of this argument is that the rates of momentum transfer to the 2DEG by E and phonon coupling are equal and opposite in equilibrium, and neither depends on ei . The argument is also valid in a magnetic field, at least semiclassically. A relation embodying these key elements was first derived by Herring 1 for 3D semiconductors, and this is usually written
where we use S 0 g to indicate the zero-field value of phonon drag, v is the sound velocity, and ph the phonon limited mobility of the electrons e ep /m*, e being the magnitude of the electronic charge and m* the effective mass of the electrons. The applicability of Eq. ͑1͒ to the present work will be examined in more detail later in the paper.
We briefly outline our understanding of the behavior of 2DEG's at high magnetic fields, particularly with respect to S. When the Landau-level filling factor takes certain values given by rational fractions with even-integer denominators, the 2DEG is best described as a collection of quasiparticles called composite fermions ͑CF's͒, each corresponding to an electron ͑or hole͒ associated with an even number, equal to the integer denominator, of flux quanta 0 . 2, 3 We are primarily interested in the thermopower of CF's at ϭ . At these precise values of the CF's behave as if the external field is zero and we are able to interpret our data using theories of 2DEG's in zero field, particularly in the case of the thermopower.
We have previously shown 4 that the low-temperature thermopower S xx () at the fractions ϭ ) which within experimental error is the same as that for the 2DEG at zero field (T 4.0Ϯ0.5
). We also found that S xx ( 3 2 ) and S xx ( 1 2 ) were accurately the same at low temperatures. The present work extends the experimental data to S xx ( 1 4 ), which is found to equal S xx ( 3 4 ) at low temperatures. The observed temperature dependence of the thermopower at zero field is that expected 4 for S g ; in this paper we will also show that the absolute magnitude is close to the theoretical estimate. In view of the similar temperature dependence, we have previously concluded that the thermopower of CF's was also due to phonon drag. As further proof of the drag origin for both electrons and CF's, we have extended the experiments to substrates of different crystallographic orientation. It is well known that phonon focusing influences the thermal conductivity of insulating crystals and that these effects depend on the crystal orientation. We expect phonon drag to be modified in a similar manner, and this is indeed observed.
Having demonstrated that phonon drag is responsible for all our results, we will then use a modified form of Eq. ͑1͒ to estimate ph for both electrons and CF's.
The paper will also explain our experimental techniques in detail. In view of the many results 4,5 that we have obtained in these experiments, it is important to show that our measurements are reliable and accurate.
II. EXPERIMENTAL TECHNIQUES
Suitable techniques for measuring the thermopower of 2DEG's were described by Fletcher et al. 6 for the 4 He temperature range and above, and further developed by Zeitler et al. 7 for the 3 He range. The present measurements were made with a 3 He/ 4 He dilution refrigerator at fields up to 30 T provided by a hybrid superconducting/Bitter magnet at the University of Nijmegen. The combination of high field and very low temperature requires particular care to reduce eddy current heating and we have solved this problem by using a refrigerator and sample holder that were both made of plastic.
8 Figure 1 shows the experimental arrangement. The GaAs substrate was indium soldered at one end to a small brass piece, which, in turn, was thermally bonded to plastic supports. Strips of pure, annealed, silver foil were soldered at one end to the brass piece, the other ends being fed into the mixing chamber via a plastic vacuum feedthrough. In the mixing chamber, good thermal contact to the bath was made by bonding the foils to sinters of silver powder. In this way the sample was in vacuo, but had one end thermally anchored to the mixture.
A small strain gauge acted as a heater and was bonded to the other end of the substrate with epoxy. 9 Two ruthenium oxide chip resistors ͑Philips 2.21 k⍀), which were found to have negligible magnetoresistance, were used to measure temperature and temperature gradient and were bonded with the same epoxy to the rear surface of the substrate. These were calibrated at zero field by a Speer resistor located in the mixing chamber, which in turn was calibrated by a commercial Ge sensor. The arrangement was usable over the range 0.1-1.2 K. At the highest temperature the refrigerator became unstable and at the lowest the thermoelectric signals become too small to measure.
Twisted pairs of 100-m-diameter manganin were used for wiring. Manganin gives a very high thermal resistance, but has a negligible thermopower compared to the 2DEG's. The wires were thermally anchored using epoxy 9 at the 1-K pot and also along the silver foils. Plastic disks attached to the bottom of the sample holder provided support for the wiring and also for an infrared diode. Local flexible connections to the ruthenium oxide thermometers were made with 50-m manganin wires, and to the sample by 25-m gold wires. In the latter case the gold wires were always in series with manganin wires to provide the necessary thermal isolation of the sample.
Measurements were made with both dc and ac techniques. With dc ͑mainly used for zero or fixed field͒ an EM model N11 nanovoltmeter 10 gave a resolution of about 1 nV for thermoelectric voltages. With ac we used a standard lowfrequency ͑5-10 Hz͒ lock-in voltmeter. A particularly noteworthy feature is the wave form of the excitation of the sample heater, which is shown in the lowest curve ͑labeled V 1 ) of Fig. 2 . The power dissipated in the heater is shown in the top curve ͑labeled P 1 ) and, in the ideal case of very fast thermal response, the thermoelectric voltage would follow this wave form; the fundamental of this curve is the thermoelectric component actually measured. Notice that the heater wave form has no frequency component at this frequency. In addition, a second heater located on the brass heat sink was supplied with the same wave form as that to the heater, but phase shifted by /2 ͑middle curve labeled V 2 of Fig. 2͒ . Thus the total heat input to the sample holder was independent of time and the average sample temperature did not cool too much when the sample heater was switched off. In this way rapid thermal equilibrium was achieved and the technique also minimized the effect of any spurious voltages, which are commonly found to occur between any pair of leads in these systems and which are known to be very temperature dependent. Because of this latter advantage, the second heater was also used when measuring at dc to keep the heat into the system constant both with and without a temperature gradient. An analysis shows that the ratio of dc to rms ac voltages is expected to be /ͱ2ϭ2.22. In practice the ratio was about 2.7 at 7 Hz due to the finite thermal response time of the system. Finally, the heaters were powered by a voltage generator with an output resistance ͑includ-ing the wiring͒ matched to the heater resistances. As a result the small changes of heater resistance due to magnetic field caused no significant change in the dissipated power.
For a typical measurement near 500 mK, the temperature could be determined to 1% ͑giving a possible error in S of 4% because SϰT 4 ), and the temperature difference of 40 mK to 5%. The error in the thermoelectric voltage ͑about 400 nV at zero field͒ was negligible at about 1 nV so that the statistical error in S was ϳ6 -7 %. At the lowest temperatures, the voltage signals became very small and typically limited the thermopower measurements to Tу150 mK ͑at ϭ 1 2 the thermopower is much larger, but the noise was larger by a similar factor͒. To compare different samples or determine the absolute uncertainty for a particular sample, the possible systematic error in the thermometer spacing and sample contacts must also be included. The former was small at ϳ2.5% but the latter could be as high as 20%. As a check on the accuracy of the thermometry in a magnetic field we monitored the substrate thermal conductivity but could detect no difference at any field.
III. SAMPLES
The heterojunctions were grown on semi-insulating GaAs substrates at the University of Nottingham. The data presented here were all taken with samples from the same wafer with the 2DEG parallel to the ͑010͒ plane. The electron density n and mobility could be varied in the range nϭ1.0-1.9ϫ10
15 m Ϫ2 and ϭ60-100 m 2 /V s by illumination from the infrared diode. The data in this paper were all taken at nϭ1.75ϫ10 15 m Ϫ2 . Three samples will be discussed. Details of the substrate dimensions and crystallographic orientations are shown in Table I . Samples 1A and 1B were both oriented with their long axis ͑and ٌT) parallel to ͓100͔, and differed only in the width of the central part of the Hall bar ͑also given in the table͒. Sample 2 was oriented along ͓110͔, but was otherwise nominally the same as sample 1A. Most of the data were taken with 1A and 2. At zero field and for CF's at zero effective field, 1B gave results completely consistent with 1A; more generally there were differences in the thermopowers of these samples at Landau-level peaks, but this is peripheral to the present work and no details will be presented.
The Hall bars were specifically designed for thermopower measurements. Usually the thermopower was measured between the source and drain ͑the ''current contacts''͒ which were spaced by 4 mm. Voltage measurements between other pairs of contacts were found to scale accurately with their separation. This was ensured by making contact areas to the sample with small dimensions compared to the sample length.
IV. RESULTS AND DISCUSSION

Zero-field data
Before introducing the results on CF's, we first show that the thermopower at zero field is understood in some detail and is fully consistent with phonon drag. Figure 3 shows the zero-field thermopower S 0 of sample 1A (ٌTʈ͓100͔) and sample 2 (ٌTʈ͓110͔). In each case S 0 is strongly temperature dependent and varies as T 4.0Ϯ0.5 at low temperatures, as shown by the lines through the data. This temperature dependence is expected for phonon drag as will be shown below. The absolute magnitude of S 0 is not the same for the two samples and we find S 0 (100)/S 0 (110)ϭ1.5 4 Ϯ0.3 8 . This difference is attributed to the fact that phonon drag depends on the phonon mean free path ⌳, which is different for the two crystallographic orientations because of phonon focusing effects. To our knowledge, this is the first observation of this effect in the thermopower of a 2DEG.
The thermal conductivities of the substrates also depend on ⌳ as demonstrated in Fig. 4 . We notice that the data from samples 1A and 1B are indistinguishable in absolute magnitude perhaps suggesting that our absolute uncertainties may be overestimated. The data have the expected lowtemperature behavior ϰT 3 that arises when ⌳ is a constant determined by boundary scattering. Again we see a difference in absolute magnitudes for differently oriented substrates with (100)/(110)ϭ1.9 3 Ϯ0.3 9 . The ratios for S 0 and both contain an uncertainty due to thermometer spacing, but in comparing ratios this error cancels. Not including this error gives S 0 (100)/S 0 (110)ϭ1.54Ϯ0.20 and (100)/(110)ϭ1.93Ϯ0.20. Differences are not unexpected because S 0 and are determined by different averages over the phonon spectrum.
An experimental estimate of ⌳ can be obtained as follows. We can write as a sum over the three phonon polarizations i as
where C i and v i are the specific heat and acoustic velocity and the last part of the equation assumes the temperature is low enough that phonon dispersion can be ignored. ͑The quantities in the sums are actually suitable averages over solid angle for each branch.͒ Assuming phonon scattering at the surfaces is diffuse and that the phonon spectrum is isotropic, then ⌳ i would be constant and the same for each i, say ⌳ c . To calculate the v i we take the low-temperature elastic constants 12 ⌳ c can also be independently calculated 11 from the sample dimensions. 11 This predicts ⌳ c ϭ1.06 mm for sample 1A and 1.09 mm for sample 2. However, the elastic anisotropy gives phonon focusing, which affects each branch differently. In GaAs an enhanced average ⌳ is found for ٌTʈ͓100͔, and a reduced ⌳ for ٌTʈ͓110͔. The corrections have been calculated by McCurdy 11 and using them we obtain averaged values ⌳ϭ1.39 mm for sample 1A and ⌳ ϭ0.83 mm for sample 2. The experimental values quoted above are significantly higher than these estimates, presumably due to partial specular reflection, which is always found in samples such as these. The calculated ratio of (100)/(110)ϭ1.67, which is in reasonable agreement with the experimental ratio of 1.9 3 Ϯ0.20.
The phonon drag thermopower S 0 g at zero field has been calculated by Cantrell and Butcher 13 and Smith and Butcher.
14 Electrons near the Fermi wave vector k F are scattered by phonons of wave vector Qϭ(q,q z ) and energy ប Q , where q and q z are the magnitudes of Q parallel and perpendicular to the plane. The result can be written
where ␥ϭប Q /k B T, is the mass density of GaAs, and E is the deformation potential. The other factors are ⌬(q z ) ϭ͉͐*(z)e iq z z (z)dz͉ 2 , which takes into account the finite thickness of the 2DEG; ⑀(q) is the static dielectric screening function given by 1ϩ(Q s /q)F(q) ͑for qϽ2k F ) where Q s ϭ2m*e 2 /ប 2 is the screening wave vector, is the dielectric constant of GaAs and F(q) a form factor;
15
. The limits of integration are discussed in the references. For GaAs at low temperatures, e-p coupling is dominated by the piezoelectric interaction 15 Equation ͑3͒ considerably simplifies at very low temperatures when QӶ2k F and in this limit G(Q) reduces to 2m*/ប 2 k F q. In the same limit we take ⌬(q z )→1, F(q) →1, and ⑀(q)→(Q s /q) 2 . Finally, using uϭបqv i /k B Tq and wϭបq z v i /k B T, Eq. ͑3͒ can be written in the lowtemperature limit as Given that has already shown ⌳ to be independent of T, then S 0 g ϰT 4 in excellent agreement with the experimental data. To evaluate Eq. ͑4͒ we take ⌳ i to be independent of i and use the average experimental value from . Using averaging of 1/v i 5 over the same three principal directions as before we find effective velocities of v l ϭ5020 m/s and v t ϭ2752 m/s, and with h 12 ϭ1.2ϫ10 9 V/m and ϭ12.2 ͑Ref. 16͒ we calculate S 0 g ϭϪ0.29T 4 mV/K for sample 1A and S 0 g ϭ Ϫ0.15T 4 mV/K for sample 2, which are to be compared with the experimental results of S 0 g ϭϪ0.20Ϯ0.04T 4 mV/K and S 0 g ϭϪ0.13Ϯ0.03T 4 mV/K, respectively. Given that the calculated values are particularly sensitive to the averaging of the velocities and are subject to errors of ϳ20% from this source alone, the agreement is very satisfactory.
To summarize the discussion so far, the foregoing analysis is completely consistent with phonon drag being the origin of the observed S 0 at low temperatures. The temperature dependence and the absolute magnitudes are accurately predicted by theory, and the substrate orientation dependence is in qualitative accord with expectations. In principle another component of S 0 arises from diffusion, given by
where F is the Fermi energy and p a constant determined by the energy dependence of the scattering. We see no clear evidence of this contribution in these samples. For m* ϭ0.07m e and nϭ1.75ϫ10 15 m Ϫ2 , then S 0 d ϭϪ4.1T(1ϩp) V/K, which would roughly double the observed thermopower at 0.3 K if pϭ0, and so be visible. Previous measurements on GaAs heterojunctions have given pϳ1, but the absence of S 0 d in our data suggests that p must be negative and ϳϪ1.
As mentioned in the Introduction, S 0 g and ph ͑or 1/ ep ) are closely related. In its present form, Eq. ͑1͒ is somewhat ambiguous about the appropriate averages for v and ⌳, and, in fact, it has usually been treated as a qualitative or semiquantitative relation. 1, 17, 18 In the following we show that there is a precise version of this equation, at least at low temperatures.
Stormer et al. 19 have given explicit results for 1/ ep in the low-temperature limit ͓with assumptions equivalent to those with Eq. ͑4͔͒. For piezoelectric scattering by longitudinal (1/ ph,l ) and transverse (1/ ph,t ) phonons they find the following:
. ͑6b͒
The equations have been written in terms of Q s so that they are more easily compared with Eq. ͑4͒. On evaluating Eq. ͑4͒ numerically and comparing with Eqs. ͑6͒ we find that, to an accuracy of better than 0.1%,
where ph,i ϭe ep,i /m* and S i g are the phonon limited mobility and phonon drag contribution resulting from e-p scattering by phonons of polarization i. ͑The relevant velocity in the present case is actually ͗1/v i 5 ͘/͗1/v i 6 ͘, where the averages are over solid angle, but for our purposes this is sufficiently close to v i to ignore the difference.͒ We assume that it is possible to prove Eq. ͑7͒ analytically since the numerical agreement between Eqs. ͑4͒ and ͑6͒ is so exact. This relation can also be inferred from an outline of the calculation of 1/ ph at low temperatures given by Price. 20 The relevant integral ͓his Eq. ͑5͔͒ has the same averaging over the phonon spectrum as Eq. ͑3͒ when the latter is approximated to the low-temperature limit. This enables us to deduce that the result is true regardless of the e-p scattering mechanism, with or without screening. For our purposes the numerical result is sufficiently convincing that we conclude, within the framework of Boltzmann theory, that Eq. ͑7͒ is precisely obeyed for the scattering of the 2DEG by each phonon polarization in the low-temperature limit.
In view of the physical argument for S g given in the Introduction, it seems likely that the relation is more general than the low-temperature limit, but we leave this problem to others for a more thorough investigation.
Thus we find
to be the generalized form of Eq. ͑1͒ that we need, at least at low temperatures. Of course our measurements give only S 0 g ϭ ͚ i S 0,i g , not the individual S 0,i g . Similarly we have only an averaged ⌳ from . To proceed we initially ignore phonon focusing so that ⌳ i is the same for each i. Evaluating each of the contributions S 0,i g of Eq. ͑4͒ for GaAs shows that the sum of the two transverse modes 2S 0,t g /v t Ϸ40S 0,l g /v l . We see that the contribution from longitudinal mode scattering is very small for the case of GaAs and it is an excellent approximation to write
i.e., the original Eq. ͑1͒ but with v identified as the transverse acoustic velocity. We now take ⌳ to be that determined from , i.e., ⌳ c . Phonon focusing will not have identical effects on and S g so this is an approximation, but we believe it will not lead to serious error. Using these results for both substrate orientations we plot ph in Fig. 5 . The result for ph should be independent of substrate orientation and our data are reasonably consistent with this expectation. The dashed line is the low-temperature limit ph ϭ2.3ϫ10 4 T Ϫ5 m 2 /V s calculated using Eq. ͑6͒ with our electron density nϭ1.75ϫ10 15 m
Ϫ2
and averaging 1/v i 6 over the three principal symmetry directions. Our data follow the predicted variation ph ϰT Ϫ5 and also agree well in magnitude. We also show data from Kang et al. 21 (nϭ1.5ϫ10 15 m Ϫ2 ) which were obtained directly from measurements of the resistivity . To make comparisons at different densities, note that Eq. ͑6͒ predicts ph ϰn 3/2 . Thus the data should be about 25% lower than that from S 0 g , but the actual difference is about a factor of 2. We note that e-p scattering contributes only a tiny fraction to the total at these temperatures and in view of this the observed differences are not unreasonable. Stormer et al. 19 have also published data on a higher mobility sample with nϭ2.2 ϫ10 15 m Ϫ2 , but the error bars are significantly larger below 1 K and so we do not reproduce those data here.
V. HIGH MAGNETIC FIELD DATA
The majority of our high-field work focused on S xx ( . The consistency of the exponent between the two samples suggests that there is a slight but definite difference from the value of 4.0Ϯ0.5, which was consistently found at zero field. The observed ratio of the magnitudes for the two crystallographic directions at ϭ 1 2 is S xx (100)/S xx (110) ϭ1.60Ϯ0.21, which is to be compared with 1.54Ϯ0.20 for the zero-field ratio ͑both ignore the systematic uncertainties in the thermometer spacing͒. Again we can estimate the contribution from diffusion using Eq. ͑5͒. Taking the effective mass for CF's at about a factor of 10 larger than the band mass and recalling that only a single spin direction is relevant, then we estimate S xx d ( 1 2 )ϭϪ20(1ϩp)T V/K. Assuming pр1, this is small compared to the observed magnitude down to 0.2 K and it is not surprising that we do not see such a contribution.
The generally similar behavior shown by S 0 g and S xx ( 1 2 ) strongly supports the view that phonon drag is also responsible for the observed thermopower of CF's. The good agreement for the ratios of the thermopowers for the two crystallographic orientations also suggests that CF's have the same sensitivity to ⌳ as electrons. As we discussed earlier, the measured temperature dependence of T 4 for S 0 g is due to ) and is also taken from the same reference.
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screened piezoelectric e-p coupling, and so the implication is that CF's interact with phonons in much the same way, though we should point out that unscreened deformation potential coupling has the same low-temperature T 4 dependence. 4 The strong experimental support for phonon drag and the similarity shown by CF's to electrons leads us to expect that Eq. ͑9͒ will also be valid for CF's and so we use it to calculate their phonon limited mobility ph . This gives ph ( 1 2 ) ϰT Ϫ4.5 at TϽ0.5 K, very similar to the result at zero field ph ϰT Ϫ5 , and all the data are shown in Fig. 5 . Again, the results for both crystallographic orientations of the substrate are consistent with a single curve. At 0.4 K this curve lies about a factor 60 below that for electrons.
Our mobility curve strongly disagrees with that of Kang et al. 21 obtained directly from resistivity data, and also shown in Fig. 5 . This study found ph ( 1 2 )ϰT Ϫ3 with a much smaller magnitude. However, according to their data, CF-p scattering contributes only ϳ0.1% to the total resistivity at 400 mK, and so the behavior of all other resistivity components must be known very accurately to extract the phonon limited part. In particular, the temperature dependence of the resistivities due to impurities and electron interactions must be precisely accounted for. Clearly the data of Kang et al. 21 on ph ( 1 2 ) and our data on S xx g ( 1 2 ) are inconsistent with Eq.
͑9͒.
An alternative interpretation of the data may be possible according to the calculation of Khveshchenko and Reizer, 22 which deals with phonon scattering by CF's. This calculation also assumes piezoelectric scattering to be dominant and predicts that the behavior of both S xx g ( 1 2 ) and ph ( 1 2 ) depends on the value of q l, where q is the magnitude of the average phonon wave vector and l is the CF mean free path. In the clean limit, q lϾ1, they find S xx g ( 1 2 )ϰT 2 and ph Ϫ1 ( 1 2 )ϰT 3 . In this region Eq. ͑9͒ should be valid, and the calculated temperature variations are indeed in accord with this. Although the experimental ph Ϫ1 ( 1 2 ) does show the expected T dependence, 21 S xx g ( 1 2 ) clearly does not. We can estimate q l using q ϭk B T/បv , where v is the average sound velocity ϳ4000 m/s, and the conductivity ( ϭ4n in the present case. For our sample this yields the temperature T 2,c f at which q lϭ1 as 0.15 K, and for the sample of Kang et al., 21 which has a CF mobility of about a factor of 5 higher, T 2,c f ϭ0.03 K. Thus both samples should be in the clean limit over the whole temperature range.
However, in the dirty limit q lϽ1, the calculation predicts that S xx g ( 1 2 )ϰT 3 and ph Ϫ1 ( 1 2 )ϰln(T 2,c f /T). ͓The calculations imply that Eq. ͑9͒ is invalid in the dirty limit.͔ The predicted behavior of S xx g ( 1 2 ) is now similar to that observed, but that for ph Ϫ1 ( 1 2 ) is not. To obtain consistency with the T dependences of both measured quantities we must assume that the thermopower sample was in the dirty limit, and the mobility sample was in the clean limit. We must also assume that the crossover between clean and dirty limits takes place ͑prob-ably rather suddenly͒ in the region of q lϷ8, so that the transition occurs at Ϸ1.2 K for the thermopower data, and Ϸ0.24 K for the mobility data, thus making sure that both stay in the appropriate regimes over the range of measurements. This alternative explanation of the results implies that the generally similar temperature dependence shown by S 0 g and S xx ( 1 2 ) is somewhat coincidental. Higher mobility thermopower samples would be required to test this interpretation.
We have previously published 4 data on S xx as a function of magnetic field to 20 T. These covered the range of filling factor down to ϳ 3 8 . Figure 6 shows a selection of data that extends the range to 30 T and Ͻ 1 4 . We note that, although the resistivity shows a large increase around and beyond ϭ 1 4 as the system begins to enter the insulating phase at ϭ 1 5 , the thermopower shows no sign of unusual behavior at this point.
In the previous paper 4 we found that S xx ( 
ϭ2.15Ϯ0.03 at Tр0.5 K, even though all these quantities have the same rapid temperature dependence S xx ()ϰT 3.5Ϯ0.5 ͑but this dependence is only seen at corresponding to CF's͒. The quasiparticles correspond to electrons attached to 2 0 for the first two filling factors, and to 4 0 for the last. Our data at higher field allow us to determine S xx ( ers. In view of Eq. ͑9͒, this implies that ph is also the same for each of these families. The lower panel of Fig. 7 shows the ratio of S xx ( 3 4 )/S xx ( 1 2 ) for comparison purposes. At low temperatures this ratio has a value of 2.17, and the temperature dependence is similar to, but not the same as, the ratios in the upper panel.
In the earlier publication 4 we have discussed the possible reasons for the precise equality of S xx ( 3 2 ) and S xx ( 1 2 ). In that discussion we assumed that the observed temperature dependence of phonon drag, i.e., T 4 , was due to deformation potential scattering without screening ͓i.e., ⑀(q)ϭ1 in Eq. ͑3͔͒ for both electrons and CF's. Briefly, the CF states at ϭ 1 2 and 3 2 are expected to have the same wave functions, but the latter also has a full Landau level. Thus their electron densities n are the same but the CF densities n c f differ by a factor of 3. Theory shows that the conductivity of CF's is enhanced by the factor n/n c f . Our physical model in Sec. I implies that both the current due to CF-p scattering j th and the compensating current j E contain this same factor, which thus cancels in S xx g . The properties of the CF's still appear in the integral of Eq. ͑3͒ through G(Q). We showed that for G(Q) the changes in the factors that depend on CF density, k F and m c f * , cancel, so that the overall result is independent of n c f and depends only on n, which is fixed. The one feature that was perhaps unexpected was that one must assume that the effective mass that appears outside the integral in Eq. ͑3͒ is the electron mass, whereas naively we would have expected the CF mass to appear here. The extension to the states at ϭ 1 4 and 3 4 would follow a similar argument. The latter state is best thought of in terms of holes and their density is again 1 3 that of the former state. The present analysis assumes that it is actually screened piezoelectric scattering that is responsible for the observations for electrons. In this case Eq. ͑4͒ predicts that at low temperatures phonon drag becomes independent of the effective mass of the electrons because of the factor Q s 2 ϰm* 2 in the denominator. This is also true for ph through Eq. ͑6͒ or Eq. ͑9͒. If we assume that the same interaction is still appropriate for CF's and attempt to apply Eq. ͑4͒, then we would introduce an extra factor of Q s 2 ϰm c f * 2 into the denominator, and we lose the observed equality of S xx g for CF's with the same denominators. There is certainly doubt in our minds about how screening is accomplished for CF's and what is the appropriate formalism, but we are only able to reproduce the equivalence of the thermopowers at ϭ by assuming that the effective mass appearing in Q s is the band mass. Thus we are also unable to understand why S g and 1/ ph are both so much larger for CF's than for electrons. In principle the theory of Khveshchenko and Reizer 22 can give a value for the thermopower at different filling fractions but the details are not yet available.
VI. CONCLUSIONS
The experimental results reported in this paper have allowed us to compare the thermopower of 2DEG's in GaAs/Ga 1Ϫx Al x As heterojunctions at zero field with that of CF's at high magnetic fields. The former have been consistently and convincingly analyzed in terms of phonon drag effects. The theory is based on statically screened, piezoelectric-modulated e-p scattering in the lowtemperature limit (QӶ2k F ) and gives good agreement with experiment in both absolute magnitude and temperature dependence. We have also confirmed that the orientation of the substrate is important in determining the magnitude of the thermopower through phonon focusing effects.
The main features of the thermopower observed for electrons at zero field are reproduced with CF's, i.e., temperature dependence and substrate orientation, though the absolute magnitudes are much higher. These results suggest that the same fundamental processes are responsible in each case, but we are unable to present a framework for understanding the absolute magnitudes in the CF case without making rather ad hoc assumptions. The microscopic calculation of the CF-p interaction by Khveshchenko and Reizer 22 is, in principle, capable of consistently reproducing these results, but it is necessary to assume that the thermopower is measured in the dirty limit and the mobility in the clean limit; this requires a rather fortuitous value of the crossover point at which one moves from the clean to the dirty limit to be consistent with all the data. 
